In this study, we manipulated the swimming direction of bacteria and controlled the switching off movement by using dc and ac galvanotaxis. The microstructures blotted by Serratia marcescens could be spontaneously manipulated and switched off at the desired position. The optimum ac frequency for switching off the microstructural motion was 7 Hz. We built a mathematical model to analyze and understand the oscillating motion of microstructure. V C 2011 American Institute of Physics. [doi:10.1063/1.3624834] Developments in micro-and nano-scale engineering have led to an appreciation of various miniature systems. The assembly of miniature structures follows a simple principle: the smaller the structure, the greater the complexity. We therefore introduce a method of controlling and assembling microstructures via bacterial activation. In the low Reynolds number region, the dominant forces are viscous forces rather than inertial forces. Thus, the mechanism of thrust force generated by the helical shape of a bacterial flagellum has been investigated. [1] [2] [3] [4] [5] [6] Serratia marcescens is a species of swimming bacteria with a cell body of %1 lm in diameter; it swims continuously at speeds of up to 40 lm/s in fluid or attaches well to the surface of the channel or any solid surface. The helical rod-like flagellum protruding from the cell surface generates the thrust force for the bacterial cell. For that reason, we are going to control the motion of these bacteria by controlling the bacterial flagella. Bacterial controls have been under consideration from a variety of perspectives: chemotactic, geotactic, phototactic, magnetotactic, and galvanotactic. [7] [8] [9] [10] [11] Another study focused on the on/off motion of 10 lm polystyrene beads with several randomly attached S. marcescens bacteria on the surface; the motion was manipulated by means of copper ions (Cu 2þ ) and ethylenediaminetetraacetic acid.
In this study, we manipulated the swimming direction of bacteria and controlled the switching off movement by using dc and ac galvanotaxis. The microstructures blotted by Serratia marcescens could be spontaneously manipulated and switched off at the desired position. The optimum ac frequency for switching off the microstructural motion was 7 Hz. We built a mathematical model to analyze and understand the oscillating motion of microstructure. Developments in micro-and nano-scale engineering have led to an appreciation of various miniature systems. The assembly of miniature structures follows a simple principle: the smaller the structure, the greater the complexity. We therefore introduce a method of controlling and assembling microstructures via bacterial activation. In the low Reynolds number region, the dominant forces are viscous forces rather than inertial forces. Thus, the mechanism of thrust force generated by the helical shape of a bacterial flagellum has been investigated. [1] [2] [3] [4] [5] [6] Serratia marcescens is a species of swimming bacteria with a cell body of %1 lm in diameter; it swims continuously at speeds of up to 40 lm/s in fluid or attaches well to the surface of the channel or any solid surface. The helical rod-like flagellum protruding from the cell surface generates the thrust force for the bacterial cell. For that reason, we are going to control the motion of these bacteria by controlling the bacterial flagella. Bacterial controls have been under consideration from a variety of perspectives: chemotactic, geotactic, phototactic, magnetotactic, and galvanotactic. [7] [8] [9] [10] [11] Another study focused on the on/off motion of 10 lm polystyrene beads with several randomly attached S. marcescens bacteria on the surface; the motion was manipulated by means of copper ions (Cu 2þ ) and ethylenediaminetetraacetic acid. 12 However, if we use chemotaxis to switch off the movement of the structure after the structure has been controlled and manipulated with direct current (DC) electric fields, the structure moves to an unwanted position after the DC electric field is turned off. Galvanotactic and phototactic control of Eukaryotes and Euglena also has been demonstrated. 13, 14 In addition, the gliding of the microtubule was controlled on kinesin-coated surfaces by electric fields. 15 Recently, electrokinetic control of microbiorobots has been demonstrated using the external electric field to move the micro-object forward. 16 We propose a mechanism of controlled spontaneous switching movement based on alternating current (AC) and DC galvanotactic characteristics. The method can switch the motion of a microstructure on and off by using AC electric stimulation without any delay in the structural response. Additionally, we investigate the optimal frequency of an effectively immobile microstructure under an AC electric field.
For all experiments, S. marcescens aliquot kept at a deep-freeze temperature was transformed to a saturated culture and then cultured on a 0.6% agar plate. A 250 ll aliquot was transferred to 50 ml of a Luria-Bertani broth containing 1% Difco Bacto Tryptone, 0.5% yeast extract, and 0.5% NaCl. The culture was incubated for 8 h before it was used for swarming development. The swarm on the agar plate was distributed over a flat broad surface for the microstructure blotting technique. An agar solution with 1% Difco Bacto Tryptone, 0.5% yeast extract, 0.5% NaCl, and 0.6% Difco Bacto Agar was prepared for the swarming bacteria. The agar solution was mixed with a 25% glucose solution by adding 1 ml of a glucose solution to 100 ml of the prepared agar solution. The swarms expanded across the plate in waves of concentric rings, and the most active bacteria could be found along the outermost edge of the swarming regions.
Figure 1(a) shows the experimental setup for creating electric fields with various magnitudes and directions on microorganisms located at the cross channel. The channels are constructed with polydimethylsiloxane (PDMS) material that is poured into a large Petri dish containing four additional smaller Petri dishes. After the PDMS is baked at 100 C for 20 min or at 70 C for 3 h, a 4 mm cross channel is then fabricated. Carbon electrodes are placed in the middle of the semi-solid agar to prevent bubbles. 17 Figures 1 show an analysis of captured motion pictures of the microstructures. In each case, the microstructures were tracked and preprocessed by means of image processing and analysis software (IMAGEJ, NIH). Under applied DC electric fields, as shown in Figure 1(b) , the actively controlled swimming bacteria can manipulate the microstructures in the desired directions. The applied electric fields play an important role on gram-negative bacteria, such as S. marcescens, by guiding the bacteria to the positive electrode. When the strength of the electric field is between 10 V/cm and 15 V/cm, the microstructures can be competently controlled by the response of the blotting bacteria. Note, however, that electric fields have some drawbacks, such as generating heat or bubbles in buffer solutions. Furthermore, for bacteria that swim in a bacterial medium, the electrokinetics have an unwanted effect because some bacteria move in the negative direction as a result of discrepant cells. 17 Nevertheless, electric fields are still powerful as means of control because the strength and direction of an electric field can be easily adjusted. The microstructures propelled by bacteria show random translation and rotation motions in the absence of an electrical signal. These random motions differ from the Brownian motion or floating motion of the microstructure in a fluid. The microstructure can be translated at a rate of around 4 lm/s and rotated at a rate of about 12 /s. Having demonstrated the possibility of using bacteria to propel microstructures in the desired direction, we need to show that structures also can be fixed at a desired position. A microstructure can be moved to a specific position under DC electric fields. However, bacterially blotted microstructures tend to move randomly when the DC electric potential is turned off (Figure 1(b) ). The microstructural motion superimposed at each time step after the turn-off is presented in the bottom-right corner of Figure 1(b) . Therefore, we propose a method of manipulating microstructures by means of an AC electric field, which is able to switch the microstructural motion off as shown in Figure 1(c) . Microstructures are stopped at the desired position after control by DC electric fields and then by turning on AC electric fields.
We achieved the optimum conditions for controlling bacteria that blot the surface of microstructures through AC electric fields. The minimum translation and rotation angles of the blotted structures occur at a specific frequency. Using this frequency (7 Hz), we could switch the microstructural motion off at the desired position. In Figure 2(a) , the vibration amplitude and the rotation angle of the microstructure are described in terms of the percentage of displacement. The applied frequency range is 4 Hz to 10 Hz. In the figure, the maximum vibration amplitude and the maximum rotation angle are considered as displacements of 100%, respectively. Figure 2 (b) describes how the bacteria respond to an AC electric field at a certain frequency. When the applied frequencies are smaller than 7 Hz, the structures respond following the activating (applied) frequency. However, when the frequency exceeds 7 Hz, the structures fail to respond to the activating frequency and move a little randomly. The rotational and translational displacements are increased due to the decreased bacterial propulsion force at high frequencies. We speculated that the time for responding to the applied electric field may affect the optimal frequency. Therefore, we measured the response time at which a microstructure blotted by bacteria starts to move following the applied electric field after the electrical signal is turned on. The motion of the microstructure was visualized by a highspeed camera (Photron Fastcam APX RS) at 500 frames per 
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In order to clearly understand the on/off switching mechanism and why the optimal frequency is 7 Hz, we built a numerical model and analyzed the motion of the microstructure under the alternative force generated by bacteria. Electrokinetic behavior of the microstructure is modeled by considering the motion equation with the activation force. At small Reynolds numbers, the drag force of the microstructure may be considered as the drag force of a sphere in fluid. At steady state, this is assumed to be identical to the force generated by blotting bacteria on the surface of the microstructure as follows:
In Eq. (1), l, r, and u denote the dynamic viscosity, radius of the sphere, and velocity, respectively. Using the Landau-Lifshitz model 18, 19 developed for the viscous drag of a sphere in oscillating motion, the motion of the microstructure is given by
where m is the mass of the microstructure and x is the displacement. The first term in the right-hand side is the modification of the drag force considering Stokes' law. And the second term is proportional to the acceleration and represents an inertial force due to the fluid that moves together with the sphere. F p is the excitation force generated by bacteria under AC electric fields and varies periodically between positive and negative values in one period. d ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2l=qx p is the wave penetration depth inside the fluid around the oscillating object. q and x are the density of the fluid and oscillating frequency, respectively.
Since the microstructure is activated periodically (positive and negative polarities in one period) under AC voltage, we may express the applied force in terms of a Fourier series. 20 The final form of the equation of motion can be expressed by introducing the force, which depends on the frequency of the activation force on the microstructure.
In Eq. (3), X p ¼ 2pp=s (p ¼ 1, 3, 5,….) is the frequency of the Fourier basic function in the period ðÀs=2 t s=2Þ. Figure 3 presents that the amplitudes of the microstructure's vibration decrease as the frequency increases. When the frequency exceeds 7 Hz, the motion of the microstructure could be small enough to consider the microstructure to be in a stationary condition. Considering only the oscillating force, this implies that faster oscillation results in a smaller amplitude. As commented before, the optimal frequency could be explained by the response time for the activating AC electric field. This response time concerns the effect of the drag force and the propulsive force due to the blotting bacteria. If the applied frequency is larger than 7 Hz, the bacteria may not generate enough force to keep the microstructure stationary; then, the microstructure moves randomly.
In summary, utilizing galvanotaxis, we have demonstrated the manipulation of a microstructure blotted by bacteria. Under applied DC electric fields, as shown in Figure  1 (b), the actively controlled swimming bacteria can manipulate the microstructures in desired directions. And the microstructure stopped at the desired position after control by DC electric fields and then by turning on the AC electric fields. And we investigated the on/off switching mechanism and why the optimal frequency was 7 Hz. 
